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Abstract: LpxT is an inner membrane protein that transfers a phosphate group from the essential 
lipid undecaprenyl pyrophosphate (C-55PP) to the lipid A moiety of lipopolysaccharide, generating 
a lipid A tris-phosphorylated species. The protein is encoded by the non-essential lpxT gene, which 
is conserved in distantly related Gram-negative bacteria. In this work, we investigated the 
phenotypic effect of lpxT ectopic expression from a plasmid in Escherichia coli. We found that lpxT 
induction inhibited cell division and led to the formation of elongated cells, mostly with absent or 
altered septa. Moreover, the cells became sensitive to detergents and to hypo-osmotic shock, 
indicating that they had cell envelope defects. These effects were not due to lipid A 
hyperphosphorylation or C-55PP sequestering, but most likely to defective lipopolysaccharide 
transport. Indeed, lpxT overexpression in mutants lacking the L,D-transpeptidase LdtD and LdtE, 
which protect cells with outer membrane defects from osmotic lysis, caused cell envelope defects. 
Moreover, we found that pyrophosphorylated lipid A was also produced in a lpxT deletion mutant, 
indicating that LpxT is not the only protein able to perform such lipid A modification in E. coli. 
Keywords: membrane proteins; outer membrane; peptidoglycan; lipopolysaccharide (LPS); lipid A 
phosphorylation; lipid A modification; LPS transport; LpxT; L,D-transpeptidases 
 
1. Introduction 
The envelope of Gram-negative bacteria is a highly organized structure composed of an inner 
and an outer membrane (IM and OM, respectively) separated by an aqueous space, the periplasm, 
which contains a thin layer of peptidoglycan (PG) [1]. The synthesis of all layers composing the 
envelope must be tightly coordinated to allow the cells to maintain their integrity and morphology 
during growth and division [1–3]. 
The PG, or murein, is a mesh-like macromolecule with a major role in defining cell shape and 
resistance to osmotic shock. It is organized in parallel glycan strands deriving from the 
polymerization of an N-acetylglucosamine-N-acetylmuramic acid (NAG-NAM) disaccharide unit [4]. 
The NAG-NAM filaments are kept together by amide bonds occurring between short peptide stems 
covalently linked to the carboxyl carbon of NAM residues located in adjacent filaments [4]. During 
PG biosynthesis, the NAG-NAM unit is linked to the undecaprenyl phosphate (C55-P), which is an 
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essential carrier with a lipid tail embedded in the IM. As it is, the NAG-NAM unit is flipped from the 
inner to the outer face of the IM. Then, proteins with transglycosylase activity promote the 
polymerization of NAG-NAM into the glycan strands, releasing the C55-P carrier in its 
pyrophosphorylated form (C55-PP). The amide bonds bridging the glycans strands are formed by 
penicillin-binding proteins (PBP) between the amino acids at position 4 and 3 of the oligopeptides 
linked to NAM residues [4]. Besides the 4,3 crosslinks, a small proportion of 3,3 crosslinks has also 
been observed in the PG [5]. Formation of 3,3 crosslinks is catalyzed by penicillin-insensitive L,D-
transpeptidases, whose activity has been associated to resistance to β-lactam antibiotics in both 
Gram-positive and Gram-negative bacteria [6,7].  
The OM is an asymmetric bilayer with an inner and an outer leaflet respectively composed of 
phospholipids and of a peculiar glycolipid, the lipopolysaccharide (LPS) [8]. The LPS consists of an 
acylated and phosphorylated glucosamine disaccharide named lipid A to which the oligosaccharide 
core and a long and variable polysaccharide, the O-antigen, are linked. The lipid A-core 
oligosaccharide is synthesized in the IM inner leaflet and flipped to the IM periplasmic leaflet by the 
MsbA ATP-binding cassette (ABC) transporter. The O-antigen is then ligated to the core and the LPS 
is translocated to the OM outer leaflet by the multiprotein Lpt machinery, which spans all envelope 
layers [9] (Figure 1).  
 
Figure 1. The Gram-negative cell envelope and factors involved in lipopolysaccharide (LPS) transport 
and phosphorylation mentioned in this work. The inner membrane (IM) and outer membrane (OM) 
are separated by the periplasmic space, which contains the peptidoglycan (not represented). The Lpt 
complex subunits are indicated by capital letters. The LPS core oligosaccharide has been omitted from 
the representation for simplicity. C55-PP, undecaprenyl pyrophosphate; A, LptA; B, LptB; C, LptC; 
D, LptD; E, LptE; F, LptF; G, LptG. 
Although the lipid A is the most conserved part of the LPS, several chemical modifications in its 
fine structure can be observed [10]. In particular, the phosphate groups of the glucosamine 
disaccharide can be decorated with positively charged residues, such as 4-amino-4-deoxy-L-
arabinose (L-Ara4N) and phosphoethanolamine (PEtN), or with an additional phosphate at position 
1, which is the reducing glucosamine unit, forming a tris-phosphorylated lipid A species [11]. It has 
been reported that in Escherichia coli, lipid A pyrophosphorylation depends on the activity of the LpxT 
protein that exploits C55-PP as phosphate donor [12]. Since only the C55-P species can be loaded with 
the NAG-NAM PG unit (and other non-essential molecules), C55-PP dephosphorylation is required 
both to recycle this lipid after the delivery of its cargo and also during the C55-P de novo synthesis, 
as the undecaprenyl pyrophosphate synthase UppS generates the pyrophosphorylated C55-PP form 
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[13,14]. Besides LpxT, three other phosphatases (namely, UppP, PgpB, and YbjG), all located in the 
IM, participate in the C55-PP conversion into C55-P. These enzymes are partially redundant, as the 
production of one out of them is sufficient to sustain E. coli growth. On the contrary, LpxT alone 
cannot replace the absence of all other enzymes [12,15,16].  
LpxT is an integral membrane protein with the catalytic site facing the periplasm that belongs 
to the conserved family of the PAP2 acid phosphatases [13,16]. In E. coli, LpxT is encoded by the lpxT 
gene and it is subject to a complex regulation. Indeed, lpxT transcription initiation is downregulated 
at 37–42 °C vs. 30 °C, in stationary phase and at high Mg2+ concentration [15,17,18]. The lpxT mRNA 
stability is also modulated, as the mRNA is quickly destabilized after a temperature upshift from 30 
to 37 °C [17]. The physiological meaning of lpxT regulation in response to temperature changes 
remains to be established. LpxT activity is negatively regulated by the PmrR protein in response to 
different stimuli such as high iron or acid pH [19–21].  
In previous studies, we noticed that the expression of E. coli lpxT from a plasmid inhibited 
bacterial growth, as also previously reported [15]. However, expression from a plasmid of the other 
C-55PP phosphatases was well tolerated [15]. Here, we found that lpxT overexpression in E. coli 
blocked cell division and caused phenotypes typically associated with cell envelope damage. The IM 
hyper-proliferation, the altered LPS distribution in cellular fractions, and the envelope defects in the 
absence of L,D-transpeptidases shown by lpxT-overexpressing cells supported the hypothesis that 
lpxT overexpression impairs growth by interfering with LPS transport. 
2. Materials and Methods  
2.1. Bacterial Strains, Plasmids, and Culture Media 
Bacterial strains and plasmids are listed in Table 1.  
Table 1. Bacterial strains and plasmids. 
Strain Genotype Reference 
BW25113 
Escherichia coli K12 derivative; F- DE(araD-araB)567 
lacZ4787(del)::rrnB-3 LAM- rph-1 DE(rhaD-rhaB)568 hsdR514 
[22] 
KG-276 BW25113 lpxT-sfGFP [17] 
KG-279 BW25113 ΔlpxT [17] 
AMM05 BW25113 ΔldtD [23] 
AMM06 BW25113 ΔldtE [23] 
AMM07 BW25113 ΔldtD ΔldtE [23] 
Plasmids Relevant Characteristics a Origin/Reference 
pGM930 pBAD24-Δ1 [24] derivative; confers ampicillin resistance [25] 
pGZ119HE cloning vector; confers chloramphenicol resistance [26] 
pLPXT pGM930 derivative, carries the lpxT gene (2268826-2269744) [17] 
pLPXTH190A 
pLPXTp derivative, carries the substitution of CAC codon at 
position 570 with GCC 
This work 
pLPXT-GFP pGM930 derivative, carries the lpxT-GFP translational fusion [17] 
pUPPS pGZ119HE derivative, carries the uppS gene (2542505-2543271) This work 
a E. coli coordinates refer to Genbank accession number U00096.3. 
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pLPXTH190A was obtained by overlapping PCR. In brief, the wild type (wt) lpxT gene was 
amplified by PCR on BW25113 genomic DNA with FG3475 (GTGATTATTGGTCTGGTCATGC) and 
FG3519 (GGCTGCGCCAATCATTACTC) oligonucleotides, obtaining fragment 1, and with FG3520 
(GAGTAATGATTGGCGCAGCCTGGTTTAC) and FG3473 
(GGGAAGCTTGTGATACAGAAAGTTAATAAGC), giving fragment 2. The overlapping fragments 
1 and 2 were used as template for PCR amplification with FG3475-FG3473. The resulting DNA 
fragment was digested with PstI-HindIII and cloned in pLPXT digested with the same enzymes. 
pUPPS was obtained by cloning in the SmaI site of pGZ119HE [26], a DNA fragment obtained by PCR 
amplification of BW25113 genomic DNA with FG3565 
(GCATGCAGGAGGATATCACCATGCGTTCGATTGCCAGA)-FG3566 
(GGGGAATTCTTAACTTTCTTGTTCTCGTTGC) oligonucleotides. The gene is transcribed from ptac 
promoter, which has high basal activity also in the absence of isopropyl β-d-1-thiogalactopyranoside 
(IPTG) [27]. All plasmids were checked by sequencing. Liquid cultures were grown in LD broth 
(Bacto Tryptone, 1%; yeast extract, 0.5%; NaCl, 0.5%; pH 7–7.2) or No Salt Medium (NSM; LD without 
NaCl) and diluted in DIL (DIFCO Nutrient Broth, 0.1%; NaCl, 0.5%). Petri dishes were prepared with 
LD10 (LD broth supplemented with 1% agar). When indicated, 100 μg/mL ampicillin (amp), 30 
μg/mL chloramphenicol, 0.2% glucose, and 0.01% arabinose were added to culture media. Bacterial 
liquid and solid cultures were always incubated at 37 °C. 
2.2. Growth of Cultures Overexpressing lpxT 
Over-night cultures were prepared by inoculating a single colony in 5 mL of LD supplemented 
with ampicillin and incubating the cultures for 15–16 h at 37 °C, aerated. The optical density at λ = 
600 nm (OD600) of the culture was evaluated with the Amersham Ultrospec 2100 spectrophotometer 
(GE Healthcare, Little Chalfont, UK), and the over-night culture was diluted in the medium at the 
OD600 indicated in figure legends. The turbidity was analyzed at intervals during aerated incubation 
at 37 °C by spectrophotometric determination. Aliquots of the cultures were withdrawn, serially 
diluted in DIL solution, and plated on LD10 to determine viable counts. The log10 of either OD600 or 
bacterial titer was plotted vs. time.  
2.3. Flow-Cytometric Analysis  
For flow-cytometric analysis, over-night cultures of BW25113 carrying either pGM930 or pLPXT 
were diluted to OD600 = 0.01 in 10–15 mL of LD supplemented with ampicillin with or without 
arabinose (+ and -ARA, respectively) and incubated at 37 °C, aerated. Once the cultures reached OD600 
= 0.5 (-ARA) or at the onset of growth arrest (+ARA), 2 mL was withdrawn and centrifuged to pellet 
bacterial cells. Cells were washed twice with PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 
mM KH2PO4; pH = 7.4) and resuspended in 1 mL of PBS, and the turbidity was adjusted to OD600 = 
0.05. For analysis, 106 gated cell events for each sample were acquired using the forward-scatter (FSC) 
and side-scatter (SCC) detectors in a BD (Franklin Lanes, NJ, USA) FACSCanto II flow cytometer. 
Data were analyzed with FlowJo software (version 10.4.2; BD, Franklin Lanes, NJ, USA). 
2.4. Protein Analysis 
Total protein extracts were prepared from bacterial cultures as described [17]. Extraction from 
culture media was performed by withdrawing 1.5 OD600 culture samples and removing the intact 
cells by centrifugation. The supernatants were filtered through a membrane with 0.2 μm pore size 
and were precipitated with trichloroacetic acid-. Protein samples were diluted 1:1 in protein loading 
sample buffer (50 mM Tris–HCl (pH 6.8), 2% SDS, 0.1% bromophenol blue, and 10% glycerol) and 
loaded onto SDS-12% polyacrylamide gels. After the run, the gels were either stained with Coomassie 
or with ProteoSilver Silver Stain kit (SIGMA, Saint Louis, MO, USA), or blotted onto nitrocellulose 
membranes and analyzed by Western blotting with anti-S1 [28] or anti-MBP PA1-989 (Thermo Fisher 
Scientific, Waltham, MA, USA) polyclonal antibodies. Gel fluorescence was detected with the Bio-
Rad (Hercules, CA, USA) ChemiDoc MP Imaging System using the Alexa488 channel. 
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2.5. MALDI-TOF Mass Spectrometric Analyses 
Cultures of BW25113/pGM930, KG-279/pGM930, and KG-279/pLPXT in LD with ampicillin 
were induced at OD600 = 0.2 with arabinose and incubated at 37 °C. Cells were collected from 3 L of 
culture 1 h after growth impairment for KG-279/pLPXT and at similar optical density for 
BW25113/pGM930 and KG-279/pGM930 (i.e., at around OD600 = 0.7). Cells were washed with PBS and 
the cell pellets were lyophilized. Dried cells for MALDI preparation were washed several times with 
distilled water, then with CHCl3/CH3OH (1:2, v/v) and CHCl3/CH3OH/H2O (3:2:0.25, v/v/v) to remove 
potential phospholipid contaminants. After these purification steps, the lipid A structure was 
analyzed directly on the bacterial pellet as previously described [29,30]. In parallel, an aliquot of cells 
from each strain underwent a small-scale extraction of the LPS by the hot-phenol water procedure 
[31], followed by several purification steps comprising enzymatic digestion of proteins and nucleic 
acids, as well as size-exclusion chromatography. An aliquot of the pure LPS of each strain underwent 
a mild acid hydrolysis with acetate buffer (pH 4.4, 5 h, 100 °C) to separate the lipid A portion from 
the saccharide part of the LPS. The solutions were extracted three times with CHCl3/CH3OH/H2O 
(100:100:30, v/v/v) and centrifuged as previously reported [32]. The organic phases containing the 
lipid A moiety were further purified by several washes with distilled water, lyophilized, and then 
analyzed by MALDI-TOF MS. Lipid A fractions were then dissolved in CHCl3/CH3OH (50:50, v/v). 
The matrix solution was 2,4,6-trihydroxyacetophenone in CH3OH/0.1% trifluoroacetic acid/CH3CN 
(7:2:1, v/v/v) at a concentration of 75 mg/mL. A total of 0.5 μL of the sample and 0.5 μL of the matrix 
solution were deposited onto a stainless steel plate and left to dry at room temperature. Each 
spectrum in the MS experiments was a result of the accumulation of 1500 laser shots, whereas 5000–
7000 shots were summed for the MS/MS spectra. Each experiment was performed in triplicate. All 
the MS and the MS2 experiments were performed both in linear and reflectron mode, negative ion 
polarity on an ABSCIEX TOF/TOF 5800 Applied Biosystems (Foster City, CA, USA) mass 
spectrometer equipped with an Nd:YAG laser (λ = 349 nm), with a 3 ns pulse width and a repetition 
rate of up to 1000 Hz, and also equipped with delayed extraction technology. 
2.6. Microscopic Observations  
For TEM analyses, samples were prepared as follows. BW25113/pGM930 and BW25113/pLPXT 
stationary cultures were diluted to OD600 = 0.01 in 25 mL of LD broth supplemented with ampicillin 
and arabinose. Cultures were grown at 37 °C, aerated. Then, 4 mL aliquots were taken at about OD600 
= 0.5 for BW25113/pGM930 and 40 min after growth defect onset for BW25113/pLPXT. Samples were 
prepared for electron microscopy as described [33], and pictures were taken with an EFTEM Leo 
912ab (Zeiss, White Plains , NY, USA) at the NoLimits platform (UNITECH, Università degli Studi 
di Milano, Milano, Italy). 
For optical microscope analyses, samples of the culture of interest were fixed with formaldehyde 
(0.37% final concentration). After 30 min at 37 °C with shaking, the cells were pelleted, washed, and 
resuspended in PBS. A total of 5 μL of cell suspension was transferred onto a microscope slide coated 
with a thin layer of 1.5% agarose. 4′,6-Diamidino-2-phenylindole (DAPI) staining was performed by 
incubating fixed cells with 5 μg/mL DAPI for 30 min at 37°C with shaking, protected from light. 
Stained cells were directly transferred onto a microscope slide, as described above. Bacterial cells 
were observed with a Leica DMRA2 widefield microscope (Leica Microsystem, Wetzlar, Germany) 
using the 100x immersion objective. DAPI and superfolder Green Fluorescent protein (sfGFP ) signals 
were visualized in the UV or fluorescein isothiocyanate channels, respectively. The length of the cells 
was measured with ImageJ Software. 
2.7. Fluorescence Determination 
Two milliliter samples were taken from cultures producing fluorescent proteins and were 
centrifuged to collect bacterial cells. The pellets were resuspended in cold 0.9% NaCl solution at OD600 
= 0.5 and incubated in ice around 1 h. Fluorescence485/535 (F485/535) and OD600 were measured by means 
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of an Ensight (PerkinElmer, Waltham, MA, USA) microplate reader. Green fluorescent protein (GFP) 
activity (F485/535/OD600) was expressed in arbitrary units (AU).  
2.8. Sucrose Gradient Fractionation 
IMs and OMs were fractionated as described [34]. BW25113/pLPXT over-night cultures were 
diluted to OD600 = 0.05 in 500 mL of LD supplemented with ampicillin and incubated at 37 °C, aerated. 
At OD600 = 0.2, cultures were induced or not with 0.01% arabinose. A total of 250 OD were collected 
from culture (4000× g, 15 min, 4°C) 90 min after the induction and at similar optical density for the 
uninduced culture (i.e., at around OD600 = 0.5–0.6). Cells were resuspended in 4 mL of 10 mM Tris-
HCl, pH 7.8, containing 20% sucrose (w/w), 1 mM phenylmethylsulfonyl fluoride (PMSF), and 50 
μg/mL DNase I, and lysed by a single passage through a Cell Disruptor (One Shot Model by Constant 
Systems LTD) at a pressure of 8000 psi. Unbroken cells were removed by centrifugation (4000× g, 10 
min, 4 °C). A total of 1.6 mL of cell lysate was layered onto the 10 mM Tris-HCl (pH 7.8)-containing 
sucrose gradient solutions (w/w), stratified from the top as follows: 30% (0.45 mL), 35% (1.26 mL), 
40% (2.16 mL), 45% (1.26 mL), 50% (1.26 mL), 55% (0.9 mL), 60% (0.45 mL). Samples were 
ultracentrifuged at 180,000× g for 16 h (SW41Ti rotor, OPTIMA XL-90 Beckman Coulter, Brea, CA, 
USA). Then, 0.4 mL fractions were collected from the top. Odd fractions were mixed with 5X sample 
loading buffer (250 mM Tris– HCl, pH 6.8; 5% SDS; 50% glycerol; 0.25% bromophenol blue; 5% β-
mercaptoethanol) and loaded onto SDS-12% polyacrylamide gels. Gels were either stained with 
Coomassie or blotted onto nitrocellulose membranes and analyzed by Western blotting with anti-
LptC (kindly provided by A. Polissi) or anti-MBP PA1-989 (Thermo Fisher Scientific, Waltham, MA, 
USA) polyclonal antibodies. For LPS visualization, samples were loaded onto Tricine-SDS-18% gels 
[35] and immunodetected using anti-LPS core WN1 222-5 monoclonal antibodies (HyCult 
Biotechnology, Wayne, PA, USA).  
3. Results 
3.1. lpxT Overexpression Had a Bacteriostatic Effect on E. coli Growth  
To evaluate the effect of lpxT overexpression, we cloned the lpxT gene into plasmid pGM930 [25] 
under the transcriptional control of the araBp promoter, inducible with arabinose (plasmid pLPXT, 
Figure 2A) [17], and analyzed the growth of E. coli BW25113/pLPXT upon lpxT induction. 
We performed all the experiments by inducing lpxT with 0.01% arabinose, a condition that does 
not affect the growth of BW25113/pGM930 control strain (Figure S1A). We observed that the growth 
rate of BW25113/pLPXT exponential cultures did not change for the first 30 min post-induction (p.i.) 
and then strongly decreased (Figure 2B). To check whether LpxT had a bacteriostatic or bactericidal 
effect on growth, we titered the cultures carrying pLPXT and we found that the titer increased for the 
first hour after arabinose addition and then it started slowly decreasing (Figure 2C), passing from 3.2 
× 108 at 1 h p.i. to 5 × 107 colony forming units (cfu)/mL at 24 h p.i. Notably, in the same timespan, the 
optical density of lpxT-overexpressing cultures increased almost fivefold (from 0.6 ± 0.03 to 2.9 ± 0.4), 
suggesting that suppressors and/or cells that had lost pLPXT had accumulated over time. To test the 
hypothesis of pLPXT plasmid instability, we titered overnight BW25113/pLPXT cultures grown in 
LD with arabinose on plates containing or not containing ampicillin. We found that the efficiency of 
plating (eop) was around 50-fold lower on plates with ampicillin with respect to plates without the 
antibiotic, suggesting that less than 2% of the cells contained pLPXT. Conversely, no difference was 
found in the eop of BW25113/pGM930 or uninduced BW25113/pLPXT cultures in the presence or 
absence of the antibiotic (Table 2 and Figure S1B). 
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Figure 2. Growth of lpxT-overexpressing cultures and analysis of LpxTsfGFP protein expression. (A) 
Scheme of lpxT locus in BW25113 and in chromosomal (KG-276) and plasmid (pLPXT and pLPXT-
GFP) constructs [17] (not drawn on scale). Black lines represent chromosomal regions flanking the 
lpxT gene. Red lines and arrows represent the araBp promoter. Black bent arrows represent the lpxTp 
promoter. (B,C) Exponential BW25113/pLPXT cultures at OD600 = 0.2 were split in two and 
supplemented (filled symbols) or not (empty symbols) with 0.01% arabinose. Growth at 37 °C was 
followed by reading the OD600 (B) or by plating serial dilution on LD10 plates with ampicillin (C). 
Average results of at least three independent replicate experiments are reported with standard 
deviation. (D) Exponential BW25113/pLPXT-GFP cultures at OD600 = 0.2 were split in two and 
supplemented (filled diamonds) or not (empty diamonds) with 0.01% arabinose. The growth curve of 
KG-276 is also reported (empty squares). Average results of three independent replicate experiments 
are reported with standard deviation. (E) Fluorescence was measured on samples taken at the time 
indicated under the columns from cultures growing as shown in (D). In the box, fluorescence of KG-
276 (light grey bars) and of uninduced BW25113/pLPXT-GFP (dark grey bars) cultures is shown. In 
all cases, the columns represent the average of three determinations with standard deviation. N.F., 
normalized fluorescence. AU, arbitrary units. (F). Induced BW25113/pLPXT-GFP cells imaged at the 
fluorescence microscope. Scale bar, 2.5 μm. White arrow, cell with low fluorescence; black arrow, cell 
not fluorescent. The columns in the histogram represent the number of cells out of 113 showing high 
(F, dark green), low (F, light green), or no fluorescence (NF) 1 h after the induction. 
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Table 2. Titer and optical density of overnight cultures carrying pLPXT. 
Strain b 
+ARA a −ARA a 
OD600 c −amp d +amp d OD600 d −amp d +amp d 
BW25113/pLPXT 2.2 ± 0.2 130 ± 47 1.9 ± 0.8 3.0 ± 0.1 280 ± 14 260 ± 99 
ΔldtD/pLPXT 1.2 ± 0.2 230 ± 260 1.3 ± 0.2 3.0 ± 0.4 230 ± 90 290 ± 110 
ΔldtE/pLPXT 1.4 ± 0.4 150 ± 58 2.2 ± 2.5 3.1 ± 0.3 250 ± 26 210 ± 89 
ΔldtDE/pLPXT 1.8 ± 0.2 110 ± 35 2.8 ± 1.3 3.4 ± 0.0 220 ± 68 270 ± 50 
a A total of 5 mL of LD+100 μg/mL amp and with (+ARA) or without (−ARA) 0.01% arabinose were 
inoculated with single colonies and incubated 16 h at 37 °C, aerated, before reading the OD600. 
Aliquots were diluted and plated on LD10 with (+amp) or without (−amp) ampicillin. Values are the 
average ± standard deviation of the OD600 and titers (in cfu/mL; ×107) of five (+ARA) or three (−ARA) 
independent cultures. b ΔldtD/pLPXT, AMM05/pLPXT; ΔldtE/pLPXT, AMM06/pLPXT; 
ΔldtDE/pLPXT, AMM07/pLPXT. c Significance of the difference among reported OD600 was evaluated 
with ANOVA and Tukey’s post-hoc test. BW25113/pLPXT vs. ΔldtD/pLPXT, p < 0.0001; 
BW25113/pLPXT vs. ΔldtE/pLPXT, p < 0.01; ΔldtD/pLPXT vs. ΔldtDE/pLPXT, p < 0.05. Difference was 
not significant for all other comparisons. d Differences among the values in the column were not 
significant according to the ANOVA test. 
To estimate the amount of LpxT that inhibited growth, we exploited a pLPXT derivative with an 
lpxT-sfGFP translational fusion under the araBp promoter (plasmid pLPXT-GFP; Figure 2A) [17], 
which allowed us to quantitate the LpxTsfGFP fusion protein as fluorescence intensity. LpxTsfGFP was 
previously shown to be correctly targeted to the inner membrane [17] (see also Figure 2F). The 
induction of lpxT-GFP, like that of lpxT, caused growth inhibition between 30 and 60 min p.i. (Figure 
2D). In this timespan, the fluorescence intensity of the induced BW25113/pLPXT-GFP cultures was 
between around 6- and 25-fold higher than that of the KG-276 strain (Figure 2E), i.e., a BW25113 
derivative with the lpxT-sfGFP fusion integrated at the lpxT chromosomal locus (Figure 2A). On the 
other hand, the uninduced cultures had a fluorescence similar to that of KG-276 (Figure 2E, box). We 
also examined cells carrying pLPXT-GFP by fluorescence microscopy 1 h p.i. to check the intracellular 
distribution of the protein and to assess whether the population of induced cells had homogenous 
fluorescence intensity. Fluorescence was evenly distributed at the cell periphery, as expected for a 
membrane protein. A total of 85% of the cells were fluorescent, with a major fraction of cells showing 
similar fluorescence intensity and a small fraction showing faintly fluorescent cells (Figure 2F). 
3.2. lpxT Overexpression Interfered with cell Division  
Microscopic observation of lpxT-overexpressing cells showed that induced cells were larger than 
normal and heterogeneous in length, with some of them forming chains or filaments (Figure 3A). The 
elongated cells often contained segregated nucleoids (Figure 3B), suggesting that DNA replication 
and segregation were not impaired. 
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Figure 3. Microscopy and flow cytometry analyses of cell morphology. (A) Cultures of BW25113 
carrying pLPXT or pGM930 (vector) were grown and induced with arabinose, as described in the 
legend of Figure 2B. Samples of BW25113/pLPXT cultures were withdrawn 60 min after growth arrest 
or at a comparable OD600 (i.e., around 0.6) for BW25113/pGM930 cultures. Scale bars, 3 μm. (B) 
Induced BW25113/pLPXT cells stained with 4′,6-diamidino-2-phenylindole (DAPI) and observed by 
bright field (BF) or UV (DAPI) microscopy. The two images were merged with ImageJ (MERGE). Scale 
bar, 1 μm. (C) Samples were taken from the control cultures (i.e., -ARA, uninduced BW25113/pLPXT; 
vector, BW25113/pGM930) at OD600 = 0.5 and from induced BW25113/pLPXT cultures (+ARA) 
immediately after growth arrest (t0) or 30 min later (t30). Histogram of forward scatter area for 
BW25113 cells carrying pLPXT or pGM930 plasmids, uninduced (black line) or induced with ARA 
(blue-filled peaks). Geometric means of the forward scatter area are reported in arbitrary units (AU). 
Flow cytometer data are representative of two independent experiments. 
Flow cytometry of samples taken from cultures of BW25113/pLPXT at two successive time points 
after lpxT induction (Figure 3C) showed that cells overexpressing lpxT were slightly larger than the 
uninduced ones or those carrying the pGM930 vector at the time of growth arrest. Then, 30 min later, 
the distribution of induced cells was wider and rightward shifted, with a separated peak of cells with 
a forward scatter area much larger than the others, in agreement with generally enhanced cell size 
and filamentation of some cells. 
To better characterize the morphological defects associated with LpxT excess, we examined the 
cellular ultrastructure by transmission electron microscopy (TEM). As shown in Figure 4, we 
observed both chains of 3–4 unsegregated cells (a) and elongated cells without visible constrictions, 
although in some cases with segregated nucleoids (c). When constrictions were present, septa were 
in most cases either not visible or altered (e,f) with respect to those observed in the strain carrying 
the empty vector (g,h). Moreover, IM invaginations were frequently observed (c,d,e), and 
intracellular vesicles were also present in some cells (b). Overall, microscopy data showed that excess 
LpxT impaired cell division, probably at the level of septum formation, and caused IM proliferation.  
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Figure 4. Ultrastructural cell analysis by TEM. Cultures of BW25113 carrying pLPXT (a–f) or pGM930 
(g,h) were inoculated in LD with ampicillin and 0.01% arabinose. Samples were taken 30 min after 
the growth arrest for BW25113/pLPXT or at OD600 = 0.5 for the control strain and prepared for TEM 
observation. Arrows indicate membrane invaginations or vesicles. Scale bars (in μm) are shown on 
the panels. Frequency of BW25113/pLPXT cells with altered septa was significantly higher than that 
of BW25113/pGM930 cells (13 out of 17 vs. 4 out of 13 cells with visible constrictions; p = 0.012 
evaluated with Pearson’s chi-squared test). 
3.3. lpxT Overexpression Enhanced Cell Permeability and Confers Sensitivity to Hypo-Osmotic Stress 
BW25113/pLPXT cultures had similar eop on ampicillin plates containing or not containing 
arabinose (Figure 5A). However, the colonies obtained in the presence of arabinose were mainly 
composed of ampicillin-sensitive cells, suggesting that during growth on solid medium, the cells 
readily lost the pLPXT plasmid (Figure 5B). Conversely, BW25113/pLPXT growth on arabinose plates 
was strongly inhibited by the addition of either SDS-EDTA or sodium deoxycholate (Figure 5A), 
implying that lpxT overexpression weakened the cell envelope permeability barrier.  
We wondered whether ectopically expressed LpxT may also cause hypersensitivity to hypo-
osmotic stress, a phenotype associated with cell envelope defects [36,37]. To test this hypothesis, we 
diluted cultures of BW25113/pLPXT arrested by lpxT induction in LD or LD without NaCl (NSM 
medium), both containing arabinose. In parallel, we analyzed uninduced BW25113/pLPXT cultures 
diluted in LD and NSM without arabinose and control cultures carrying the pGM930 vector. As 
shown in Figure 5C, salt and/or arabinose presence did not affect the growth of the control strain; 
accordingly, the cell morphology of cells adapted to NSM was normal, with a mean length of 3.8 μm 
and rare elongated cells both in presence and absence of arabinose.  
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Figure 5. Analysis of the lpxT-overexpressing strain permeability and sensitivity to osmotic shock. (A) 
Cultures of BW25113 carrying either pGM930 (vector) or pLPXT (pLPXT) were grown 16 h at 37 °C 
in LD with ampicillin and serially diluted (x10) in a 96-well plate. Dilutions were replicated on LD10 
with ampicillin 100 μg/mL (LDA) with (+ ARA) or without (−ARA) 0.2% arabinose and incubated for 
around 20 h at 37 °C. S-E and DC, plates supplemented with ampicillin and either 0.5% SDS-0.8 mM 
ethylenediaminetetraacetic acid (EDTA) (S-E) or 1% sodium deoxycholate (DC). (B) Single colonies 
obtained in diluted spots plated on LDA with arabinose (panel A) were touched with a toothpick and 
resuspended in 0.1 mL of LD in a 96-well plate. The suspension was serially diluted (×10) and plated 
on LD10 with or without ampicillin. The experiment was repeated on eight independent colonies for 
each strain with similar results. (C) Exponential BW25113/pLPXT (circles) and BW25113/pGM930 
(triangles) cultures growing in LD with ampicillin and arabinose were diluted to OD600 = 0.01 in either 
LD (+NaCl) or No Salt Medium (NSM; −NaCl) in the presence (+ARA) of arabinose and ampicillin. 
Control uninduced cultures were similarly diluted in media without arabinose (−ARA). The cultures 
were incubated at 37 °C, measuring the optical density at intervals. Average results relative to three 
independent cultures for each strain/condition are reported with standard deviation (upper part; in 
some cases, error bars are hidden by the symbols). At the time indicated by the arrow, samples were 
withdrawn, and the cells were observed by the microscope (lower part). To better distinguish cells 
carrying pLPXT from debris, the cells were stained with DAPI and bright field, and fluorescence 
microscopy images were merged with ImageJ. White lines, scale bars in micrometers. (D) Analysis of 
proteins released in culture medium. Cultures of BW25113 carrying pGM930 or pLPXT were grown 
in LD with ampicillin and arabinose. Samples were taken at the time of growth arrest of the induced 
BW25113/pLPXT culture (1) and 30 min later (2), treated as described in the Materials and Methods 
section and run in a 12% polyacrylamide gel. Gels were either silver stained (left panel) or blotted and 
immunodecorated with antibodies specific for S1 ribosomal protein or MBP maltose binding 
periplasmic protein (right panel). The results relative to three independent cultures of the two strains 
are shown in the left panel. 
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Conversely, the turbidity of induced BW25113/pLPXT cultures diluted in NSM with arabinose 
showed an initial drop and started increasing after a roughly 1 h lag. Even without the inducer, the 
cultures grew slowly for the first 1–2 h upon dilution in NSM, showing that LpxT basal expression 
from the plasmid was sufficient to increase cell sensitivity to hypo-osmotic shock.  
Microscopic observations showed that BW25113/pLPXT formed large aggregates of filamentous 
cells when growing in NSM with arabinose. Smaller aggregates and cellular debris were observed 
also in uninduced BW25113/pLPXT cultures (Figure 5C), whereas they were not found in 
BW25113/pGM930 cultures or in BW25113/pLPXT cultures growing in LD broth.  
To test whether LpxT can make the cells prone to lyse also in LD, we analyzed the proteins 
released in the spent medium of BW25113/pLPXT at the time of growth arrest (i.e., 1 h p.i.) and 1 
hour later. As shown in Figure 5D, we found heterogeneous proteins in the spent medium of cultures 
overexpressing lpxT and not in that of BW25113/pGM930 control cultures. The overall protein 
amount at the two time points did not increase, suggesting that they had been released during 
growth. Western blotting with antibodies specific for either the periplasmic protein MBP or the 
cytoplasmic ribosomal protein S1 showed that MBP was released in the medium by both strains, 
albeit in a lower amount by cells carrying the pGM930 vector than by those with pLPXT, whereas S1 
was present only in the medium recovered from cultures of lpxT-overexpressing cells. This result was 
consistent with the idea that LpxT overproduction may cause cell envelope damage, making the cells 
more prone to lyse.  
3.4. lpxT-Dependent Growth Arrest Was Relieved by Glucose  
Upon dilution in LD, cultures arrested because of lpxT overexpression started to grow without 
a significant lag, irrespective of the presence of arabinose (Figure S2A). We therefore hypothesized 
that the glucose present in LD (between 10 and 40 μM in different batches [38]) could be sufficient to 
switch off the araBp promoter, which is sensitive to catabolite repression [27], until the cells were at 
low density and did not consume it completely, leading to a transient decrease in LpxT amount. In 
agreement with this hypothesis, 30 min after the dilution in LD with either glucose or arabinose of 
BW25113/pLPXT-GFP-induced cultures, the amount of LpxT-GFP protein was similarly reduced 
(Figure S2A).  
3.5. UppS Did Not Suppress LpxT-Dependent Growth Defect  
Considering that LpxT transfers a phosphate group from C55-PP to the LPS molecule, its excess 
may potentially interfere with C55-PP recycling and/or LPS transport and modification status, 
impairing in turn the PG and the OM integrity, respectively. Indeed, hindering C55-PP recycling 
prevents growth and causes cell morphology defects that can be suppressed by increased production 
of C55-PP [15,39]. However, as shown in Figure S2B, ectopic expression of the uppS C55-PP synthase 
gene had no effect on the growth of the strain overproducing LpxT, arguing against the hypothesis 
that LpxT may impair the C55-PP recycling pathway.  
3.6. lpxT Overexpressing Cells Have Features Suggestive of Defective LPS Transport  
To explore whether excessive LpxT hampered LPS transport, we analyzed the cellular 
distribution of LPS by sucrose gradient fractionation of cell extracts. In fact, in cells defective in the 
LPS transport because of the depletion of some Lpt components, the LPS accumulated in fractions 
with intermediate density between that of the IM and the OM (light and heavy fractions, 
respectively). Moreover, an anomalous form of LPS decorated with colanic acid is produced in such 
strains [40,41]. We observed that the LPS amount associated with light and intermediate fractions 
(fractions 1–19) with respect to that in the heavy fractions (fractions 21–27) was higher in lpxT-
overexpressing cells than in the uninduced cultures (Figure 6A,B; see also the results of a replicate 
experiment in Figure S3), thus suggesting that the LPS transport from the IM to the OM was actually 
less efficient in such cells. On the other hand, LPS forms with altered migration were not detected. 
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Figure 6. Distribution of LPS in sucrose gradient fractions. Cultures of BW25113/pLPXT were grown 
in LD with ampicillin up to OD600 = 0.2 and supplemented or without 0.01% arabinose. Cells were 
collected 90 min after the induction (+ ARA) and at similar optical density for the uninduced (-ARA) 
culture (i.e., at around OD600 = 0.5–0.6). IMs and OMs were separated by isopycnic sucrose gradient 
centrifugation as described in the Materials and Methods section. (A) LPS distribution across fractions 
was determined by Tricine-SDS-PAGE and immunoblotting using anti-LPS WN1 222-5 antibody. The 
profiles of the major OM porins (OmpC/F, OmpA) were determined by SDS-PAGE followed by 
Coomassie staining. IM and periplasmic fractions were identified by SDS-PAGE and immunoblotting 
using antibodies specific for LptC IM protein or MBP periplasmic protein. (B) LPS and LptC signals 
of induced (filled symbols) or uninduced (empty symbols) samples were quantified by densitometry 
with Image Lab (Biorad, Hercules, CA, USA) and normalized for the total LPS or LptC signals. LPS 
distribution in fractions 1–19 vs. 21–27 was significantly different between induced and uninduced 
cells according to Pearson’s chi-squared test (p < 0.0001). 
In a recent paper, it was reported that cells with OM stress due to inefficient LPS transport lyse 
in the absence of the L,D-transpeptidase LdtD and Ltd.E [23,42], suggesting that PG remodeling may 
partially compensate OM defects. We thus analyzed the effect of single ΔldtD, ΔldtE, and double 
ΔldtDE mutations on the growth and morphology of lpxT-overexpressing cells. All strains stopped 
growing around 60 min after arabinose addition, such as the wt (Figure 7A). Microscopic 
observations showed that ΔldtD and ΔldtE cells were similar to those of the BW25113 strain, whereas 
ΔldtDE/pLPXT cells occasionally showed small knobs (data not shown). After long incubation with 
arabinose, the turbidity reached by ΔldtD and, to a lesser extent, ΔldtE cultures was reduced, although 
the titer was not significantly different with respect to that of BW25113 cultures (Table 2). Microscopic 
observations showed that ΔldtD/pLPXT cells were very small and with a rounded morphology with 
only rare long cells (Figure 7B,C), thus explaining the low turbidity of the cultures. Moreover, 
ΔldtDE/pLPXT elongated cells had almost invariably evident knobs (Figure 7B), which were also 
present in the rare elongated ΔldtD/pLPXT cells (data not shown) and absent in the mutant strains 
carrying pGM930 (Figure 7B), suggesting that LpxT may cause cell envelope defects that can be 
counteracted by L,D-transpeptidase activity. 
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Figure 7. Effect of lpxT overexpression in strains lacking LdtD and/or LdtE. Growth curve (A) and cell 
morphology (B,C) of BW25113 (+), AMM05 (D, ΔldtD ), AMM06 (E, ΔldtE), and AMM07 (DE, ΔldtDE) 
carrying either pGM930 or pLPXT, as indicated in the panels. (A) Cultures were grown at 37 °C with 
aeration in LD with ampicillin up to OD600 = 0.2, split in two, and supplemented (filled symbols) or 
not (empty symbols) with 0.01% arabinose. Growth at 37 °C was followed by reading the OD600. For 
all mutant strains, the results are the average of three independent replicate experiments. Error bars 
(in most cases hidden by symbols) refer to standard deviation. The growth curves of BW252113 
carrying either pGM930 or pLPXT are reported for comparison. (B,C) Cells of the indicated strains 
were observed at the optical microscope after growth 16 h at 37 °C with aeration in LD with ampicillin 
and 0.01% arabinose. (B) The arrows point to visible knobs on the cells. Scale bars, 2.5 μm; box scale 
bar, 2 μm. (C) Percentage of cells with different length range (n = 150; measured with ImageJ). t-test 
results (with respect to the BW25113 carrying the same plasmid, + columns) are shown on top of the 
bars. ns, not significant; *, p < 0.05; *****, p < 0.00001. 
3.7. Lipopolysaccharide Lipid A Phosphorylation Level Was Not Altered in lpxT-Overexpressing Cells  
In order to evaluate whether the overexpression of LpxT could affect the structure of the LPS, 
we analyzed the structure of the lipid A from lpxT+, ΔlpxT, and lpxT-overexpressing strains by 
employing two parallel mass spectrometry (MS)-based approaches. Phosphates (i.e., phosphodiester 
bonds) are labile decorations that could be lost with the typical chemical treatment used to isolate the 
lipid A from the remaining saccharide portion of an LPS. Therefore, MS analysis directly on the intact 
bacterial cells was executed as a first approach [29,30]. In parallel, the lipid A structures were also 
analyzed following mild acid hydrolysis of the extracted and purified LPSs [43,44]. MS investigations 
performed on the intact cells (Figure 8) revealed no relevant differences among the strains in the lipid 
A species profile, with the prevalence of a mixture of hexa-acylated lipid A forms decorated by two 
phosphates for all the strains analyzed.  
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Figure 8. MALDI-TOF mass spectrometry analysis of lipid A. Negative-ion MALDI-TOF mass spectra 
of intact bacterial cultures of KG-279/pGM930 (ΔlpxT), BW25113/pGM930 (lpxT+), and KG-279/pLPXT 
(lpxT overexpressed) grown as described in the Materials and Methods section. Assignment of the 
lipid A species as HexaLipA (hexa-acylated lipid A species) and relative group of ions further 
decorated by a third phosphate is indicated. 
The main species was detected at m/z 1796.2 (Figure 8) matching with the typical E. coli lipid A 
glucosamine disaccharide backbone carrying four 14:0 (3-OH), one 14:0, and one 12:0 acyl chains and 
decorated by two phosphates. Moreover, peaks with mass differences of 28 (-CH2CH2- unit) and 14 
(-CH2- unit) amu (atomic mass unit), indicative of the occurrence of species differing in the length of 
the acyl chains, were also found, as previously reported for other E. coli strains [45]. Importantly, a 
peak at m/z 1876.2 corresponding to tris-phosphorylated lipid A species (i.e., carrying a 
pyrophosphate group) was observed in all the strains (Figure 8). Negative-ion MS analysis of the 
isolated lipid As (Figure S4 and Table S1) showed the occurrence mainly of heterogenous hexa-
acylated species, but also of penta- and tetra-acylated forms decorated by two phosphate groups. 
Mono-phosphorylated lipid A species at m/z 1716.6, 1490.3, and 1280.1 were also detected (Figure S4 
and Table S1). On the other hand, it should be noted that, in the case of MS analysis of lipid A after 
mild acid hydrolysis of LPSs, no species decorated by three phosphates were identified, probably 
due to the isolation procedure. The analysis of negative-ion MALDI MS2 spectra of precursor ions at 
m/z 1796.5 (Figure 9) of the mild acid hydrolysis products revealed that, consistent with what 
Microorganisms 2020, 8, 826 16 of 22 
 
previously reported [46], the lipid A of all strains, including the ΔlpxT, consisted of a heterogenous 
mixture of pyrophosphorylated and bis-phosphorylated species. 
 
Figure 9. MALDI-TOF MS2 analysis of hexa-acylated lipid A species carrying two phosphate units. 
Negative-ion MALDI MS2 spectra of precursor ions at m/z 1796.5 of the lipid A isolated from KG-
279/pGM930 (ΔlpxT), BW25113/pGM930 (lpxT+), and KG-279/pLPXT (lpxT overexpressed). This is a 
representative ion peak of the cluster ascribed to hexa-acylated lipid A species decorated by two 
phosphates. A zoom of the m/z 400–800 region with the key fragments’ assignment is reported for 
each spectrum. The structure of a representative hexa-acylated lipid A species illustrating the key 
product ions derived from the glycosidic bond cleavage that allowed the location of the two 
phosphate groups as a pyrophosphate decorating the reducing glucosamine unit is reported. 
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To define the exact location of the two phosphate groups, a detailed analysis of each product ion 
was performed. Despite in all the MS2 spectra the most abundant product ions (m/z 159 and m/z 177) 
were assignable to pyrophosphate-derived ions, we cannot consider these as indicative of the actual 
presence of pyrophosphorylated lipid A species (43); rather, the actual occurrence of lipid A species 
carrying a pyrophosphate group on the reducing glucosamine unit was proven by the observation of 
key product ions derived from glycosidic bond cleavages where the resulting anions contained two 
phosphate groups. These products ions were Z1 (PP) ion at m/z 772.2 and Y1 (PP) ion at m/z 789.9, in 
addition to their relative product ions void of one 14:0 (3-OH) acyl chain (see also the inset of each 
spectrum in Figure 9) [47].  
The above MS data show that the amount of tris-phosphorylated lipid A was not higher than 
normal in cultures blocked by excessive LpxT, suggesting that LpxT catalytic activity may be 
dispensable for growth arrest. To test this hypothesis, we assayed the effect on cell growth and 
viability of the overproduction of an LpxT variant in which His-190, a conserved residue located in 
the predicted active site [16], was replaced with an alanine (H190A). LpxTH190A was previously 
demonstrated to be unable to both complement the ΔlpxT mutation and compete with EptA for the 
modification of the 1-phosphate group of lipid A [19]. We found that induction of the mutated 
lpxTH190A allele tightly inhibited the growth in liquid cultures (Figure S5A) and the mutant formed 
colonies smaller than those of the strain overexpressing the wt allele (mainly composed by ampicillin-
sensitive cells like for the wt). This effect was particularly evident in plates lacking NaCl (Figure S5B). 
Thus, the lpxTH190A mutation did not abolish growth inhibition and made the protein more 
detrimental for growth than the wt LpxT.  
4. Discussion 
Ectopic expression of different inner membrane proteins (IMP) is toxic to E. coli. This is a 
phenotype that has been ascribed either to generic effects, such as perturbations of IM integrity due 
to excessive protein insertion or stuffing of protein transport systems, or to the specific function and 
biochemical properties of the overexpressed IMPs [48,49]. In this work, we characterized the effects 
of an excessive production of the membrane protein LpxT. Although it is possible that, upon long 
induction, LpxT accumulation may lead to protein aggregation or irreversible IM damage, the overall 
phenotypes shown by lpxT-overexpressing cells suggest that specific effects ascribable to LpxT 
activity may cause the protein toxicity. 
Interestingly, lpxT-overexpressing cells are more prone to lyse and have altered morphology, as 
they become progressively longer than normal and septa are mostly absent or altered even in 
presence of constrictions and/or segregated nucleoids, suggesting that LpxT may impair septum 
biosynthesis. Moreover, lpxT-overexpressing cells are sensitive to detergents and to hypo-osmotic 
shock. Such phenotypes can be explained in terms of a defective OM and/or PG biosynthesis. In fact, 
although decreased resistance to turgor pressure has traditionally been linked to PG defects, different 
studies have demonstrated that the OM is pivotal also in the mechanical protection of the cells [36,37]. 
Another phenotype of lpxT-overexpressing cells that can be a consequence of a defective cell envelope 
is the auto-aggregation in non-salt medium. In fact, auto-aggregation could be stimulated by altered 
properties of the cell surface, such as increased hydrophobicity, or by the production of 
exopolysaccharides and specific proteins [24,50,51]. Genes of the Cpx and Rcs regulons controlling 
capsular synthesis (and biofilm formation) are activated in response to envelope stress [52] and, 
indeed, mutants with severe defects in the LPS core biosynthesis overproduce the exopolysaccharide 
colanic acid in hypotonic medium, probably to compensate the loss of OM integrity and counteract 
the turgor pressure [53].  
As LpxT function requires the interaction with both C55-PP and lipid A, its dysregulated 
expression could actually affect the transport of PG precursors and/or lipid A. It has been reported 
that sequestering C55-PP in dead-end intermediates of enterobacterial common antigen (ECA) 
biosynthetic pathway causes cell filamentation that is suppressed by increased C55-PP synthesis [39]. 
However, as overexpressing LpxT should actually increase the Und-PP recycling, it is unlikely that 
it could exert a similar sequestering effect. Accordingly, the expression of the UppS C55-PP synthase 
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gene from a multicopy plasmid does not relieve the phenotype due to lpxT overexpression. Although 
it is possible that LpxT may interact with factor(s) involved in PG biosynthesis, as in the case of UppP 
and PgpB phosphatases forming a complex with Pbp1B [54], we strongly believe that overproduced 
LpxT may interfere with lipid A transport because several phenotypic traits of lpxT-overexpressing 
cells are reminiscent of cells with defects in the lipid A transport machinery.  
Indeed, the lack of a functional MsbA flippase causes growth inhibition, lipid A accumulation 
in the IM with appearance of vesicle- or tubule-like shapes, and membrane stacks. Moreover, MsbA-
depleted cells show enlarged size [55,56]. In addition, Lpt complex depletion has a bacteriostatic 
effect accompanied by moderate lysis and formation of short filaments. Moreover, IM hyper-
proliferation with formation of vesicles containing membrane material, as well as accumulation of 
newly synthesized LPS in the IM and other cellular fractions less dense than the OM, have been 
observed in Lpt-depleted cells [23,40–42,57]. All the above phenotypes are visible in lpxT-
overexpressing cells. Nevertheless, IM proliferation seems less severe than in MsbA- or Lpt-depleted 
cells, and the lack of L,D-transpeptidases is better tolerated by lpxT-overexpressing cells than by the 
Lpt-depleted cells [23]. Differently from Lpt-depleted cells [41], lpxT overexpressing cells do not 
accumulate LPS species decorated with colanic acid, suggesting that lipid A sequestering by LpxT 
may prevent not only its transport, but also its modification by other enzymes. It would be interesting 
to assay whether LpxT excess may also prevent O-antigen ligation in E. coli strains that, differently 
from E. coli K12 [8], synthesize a complete LPS. 
It has been reported that E. coli cells growing in rich medium at 37 °C contain about 750, 1000, 
and 500 copies of LpxT, MsbA, and LptC, respectively [58]. On the other hand, lipid A is synthesized 
and translocated to the outer membrane at an estimated rate of 70,000 molecules per min [59]. Thus, 
it seems unlikely that an interaction between LpxT and the lipid A may affect lipid A transport unless 
postulating that LpxT excess in proximity of the Lpt complex and/or the MsbA flippase interferes 
with the activity of the transporters by hindering the lipid A flow either from MsbA to the Lpt 
complex or within the Lpt machinery (Figure 1). However, we cannot rule out that local IM damage 
caused by excessive LpxT insertion may in turn impact the activity of the LPS transporters. 
After prolonged incubation in inducing conditions of cells carrying pLPXT plasmid, the titer of 
ampicillin-resistant cells decreases, and ampicillin-sensitive cells accumulate, implying that only the 
cells that have lost (or rearranged) pLPXT can grow, whereas the others do not divide and (in part) 
die. This occurs also when uninduced cultures are plated on solid medium with arabinose, as single 
colonies obtained in such conditions are mostly composed by ampicillin-sensitive cells. It is possible 
that upon lpxT induction, beta-lactamase activity of plasmid-bearing cells lowers the concentration 
of ampicillin, thus facilitating the growth of bacteria that have lost the toxic pLPXT plasmid.  
Finally, we observed that tris-phosphorylated lipid A was not enhanced in lpxT overexpressing 
cells, as shown by MALDI-TOF MS, probably because of feedback regulation mechanisms that limit 
LpxT activity when the lpxT gene is induced [17,18,21]. This result rules against the hypothesis that 
LpxT toxicity may be due to hyperphosphorylation of lipid A. Contextually, an LpxTH190A variant 
devoid of catalytic activity [19] is even more detrimental for growth, at least in solid medium, than 
the wt protein. By our MS dual approach, we reproducibly detected the presence of a peak 
corresponding to tris-phosphorylated lipid A also in the ΔlpxT strain. Consistent with this result, 
negative-ion MALDI MS2 spectra of precursor ions of the main lipid A species-related peak revealed 
that, as already reported for different Gram-negative bacteria [46], the lipid A of all examined strains 
is composed by a mixture of pyrophosphorylated (at position 1) and bis-phosphorylated species. This 
implies that LpxT is not the only E. coli protein able to perform lipid A pyrophosphorylation. This is 
in contrast with results previously reported by other authors showing the absence of the tris-
phosphorylated lipid A species in ΔlpxT mutants [12,19,21,60]. This discrepancy might be due to 
differences in the experimental approaches and/or in the culture growth conditions. However, in 
support to our finding, pyrophosphorylation of the reducing glucosamine unit of the lipid A has been 
found also in Bordetella bronchiseptica [61] that actually lacks an LpxT orthologue, suggesting that 
other proteins can perform such activity. 
Microorganisms 2020, 8, 826 19 of 22 
 
Supplementary Materials: The following are available online at www.mdpi.com/2076-2607/8/6/826/s1, Figure 
S1: Growth of cells carrying pGM930. Figure S2: Effect of glucose and uppS ectopic expression on the growth of 
lpxT overexpressing cells. Figure S3: Distribution of LPS in sucrose gradient fractions. Figure S4: MALDI-TOF 
MS analysis of isolated lipid A. Figure S5: Growth of cultures overexpressing lpxTH190A. Table S1: The main ion 
peaks in the MALDI-TOF MS spectrum reported in Figure S4 and the proposed interpretation of the substituting 
fatty acids on the lipid A backbone.  
Author Contributions: Conceptualization, F.B.; funding acquisition, F.D.L. and F.B.; investigation, F.A.F., F.D.L., 
R.P., G.C., M.P., and F.F.; resources, F.D.L., A.M., and F.B.; supervision, A.M. and F.B.; writing—original draft, 
F.A.F., F.D.L., and F.B.; writing—review and editing, F.A.F., F.D.L., R.P., G.C., M.P., F.F., and A.M. All authors 
have read and agreed to the published version of the manuscript. 
Funding: F.A.F. was a recipient of a fellowship (Assegno di ricerca di tipo A) from the Università degli Studi di 
Milano. F.D.L. acknowledges Progetto STAR 2018 Linea 1 CUP: E66C18001330003. Funding for covering Article 
Processing Charge was provided by Università degli Studi di Milano. 
Acknowledgments: We are very grateful to Alessandra Polissi for providing antibodies and bacterial strains. 
We also thank Roberto Quadri and Nadia Santo for assistance with fluorescence and electron microscopy. 
Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the 
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to 
publish the results. 
References 
1. Silhavy, T.J.; Kahne, D.; Walker, S. The bacterial cell envelope. Cold Spring Harb. Perspect. Biol. 2010, 2, 
a000414, doi:10.1101/cshperspect.a000414. 
2. Gray, A.N.; Egan, A.J.F.; van’t Veer, I.L.; Verheul, J.; Colavin, A.; Koumoutsi, A.; Biboy, J.; Altelaar, M.A.F.; 
Damen, M.J.; Huang, K.C.; et al. Coordination of peptidoglycan synthesis and outer membrane constriction 
during Escherichia coli cell division. Elife 2015, 4, e07118, doi:10.7554/eLife.07118. 
3. Typas, A.; Banzhaf, M.; Van Den Berg Van Saparoea, B.; Verheul, J.; Biboy, J.; Nichols, R.J.; Zietek, M.; 
Beilharz, K.; Kannenberg, K.; Von Rechenberg, M.; et al. Regulation of peptidoglycan synthesis by outer-
membrane proteins. Cell 2010, 143, 1097–1109, doi:10.1016/j.cell.2010.11.038. 
4. Vollmer, W.; Blanot, D.; De Pedro, M.A. Peptidoglycan structure and architecture. FEMS Microbiol. Rev. 
2008, 32, 149–167, doi:10.1111/j.1574-6976.2007.00094. 
5. Zhao, H.; Patel, V.; Helmann, J.D.; Dörr, T. Don’t let sleeping dogmas lie: new views of peptidoglycan 
synthesis and its regulation. Mol. Microbiol. 2017, 106, 847–860, doi:10.1111/mmi.13853. 
6. Mainardi, J.L.; Fourgeaud, M.; Hugonnet, J.E.; Dubost, L.; Brouard, J.P.; Ouazzani, J.; Rice, L.B.; Gutmann, 
L.; Arthur, M. A novel peptidoglycan cross-linking enzyme for a β-lactam-resistant transpeptidation 
pathway. J. Biol. Chem. 2005, 280, 38146–38152, doi:10.1074/jbc.M507384200. 
7. Hugonnet, J.E.; Mengin-Lecreulx, D.; Monton, A.; den Blaauwen, T.; Carbonnelle, E.; Veckerlé, C.; Yves, 
V.B.; van Nieuwenhze, M.; Bouchier, C.; Tu, K.; et al. Factors essential for L,D-transpeptidase-mediated 
peptidoglycan cross-linking and β-lactam resistance in Escherichia coli. Elife 2016, 5, e19469, 
doi:10.7554/eLife.19469. 
8. Nikaido, H. Molecular basis of bacterial outer membrane permeability revisited. Microbiol. Mol. Biol. Rev. 
2003, 67, 593–656, doi:10.1128/MMBR.67.4.593. 
9. Okuda, S.; Sherman, D.J.; Silhavy, T.J.; Ruiz, N.; Kahne, D. Lipopolysaccharide transport and assembly at 
the outer membrane: The PEZ model. Nat. Rev. Microbiol. 2016, 14, 337–345, doi:10.1038/nrmicro.2016.25. 
10. Simpson, B.W.; Trent, M.S. Pushing the envelope: LPS modifications and their consequences. Nat. Rev. 
Microbiol. 2019, 17, 403–416, doi:10.1038/s41579-019-0201-x. 
11. Zhou, Z.; Lin, S.; Cotter, R.J.; Raetz, C.R.H. Lipid A modifications characteristic of Salmonella typhimurium 
are induced by NH4VO3 in Escherichia coli K12. Detection of 4-amino-4-deoxy-L- arabinose, 
phosphoethanolamine and palmitate. J. Biol. Chem. 1999, 274, 18503–18514, doi:10.1074/jbc.274.26.18503. 
12. Touzé, T.; Tran, A.X.; Hankins, J.V.; Mengin-Lecreulx, D.; Trent, M.S. Periplasmic phosphorylation of lipid 
A is linked to the synthesis of undecaprenyl phosphate. Mol. Microbiol. 2008, 67, 264–277, doi:10.1111/j.1365-
2958.2007.06044.x. 
Microorganisms 2020, 8, 826 20 of 22 
 
13. Manat, G.; Roure, S.; Auger, R.; Bouhss, A.; Barreteau, H.; Mengin-Lecreulx, D.; Touzé, T. Deciphering the 
metabolism of undecaprenyl-phosphate: The bacterial cell-wall unit carrier at the membrane frontier. Proc. 
Microb. Drug Resist. 2014, 20, 199–214, doi:10.1089/mdr.2014.0035. 
14. Whitfield, C. Biosynthesis and Assembly of Capsular Polysaccharides in Escherichia coli. Annu. Rev. Biochem. 
2006, 75, 39–68, doi:10.1146/annurev.biochem.75.103004.142545. 
15. El Ghachi, M.; Derbise, A.; Bouhss, A.; Mengin-Lecreulx, D. Identification of multiple genes encoding 
membrane proteins with undecaprenyl pyrophosphate phosphatase (UppP) activity in Escherichia coli. J. 
Biol. Chem. 2005, 280, 18689–18695, doi:10.1074/jbc.M412277200. 
16. Tatar, L.D.; Marolda, C.L.; Polischuk, A.N.; van Leeuwen, D.; Valvano, M.A. An Escherichia coli 
undecaprenyl-pyrophosphate phosphatase implicated in undecaprenyl phosphate recycling. Microbiology 
2007, 153, 2518–2529, doi:10.1099/mic.0.2007/006312-0. 
17. Sciandrone, B.; Forti, F.; Perego, S.; Falchi, F.; Briani, F. Temperature-dependent regulation of the Escherichia 
coli lpxT gene. Biochim. Biophys. Acta Gene Regul. Mech. 2019, 1862, 786–795, 
doi:10.1016/j.bbagrm.2019.06.010. 
18. Hong, X.; Chen, H.D.; Groisman, E.A. Gene expression kinetics governs stimulus-specific decoration of the 
Salmonella outer membrane. Sci. Signal. 2018, 11, eaar7921, doi:10.1126/scisignal.aar7921. 
19. Herrera, C.M.; Hankins, J.V.; Trent, M.S. Activation of PmrA inhibits LpxT-dependent phosphorylation of 
lipid A promoting resistance to antimicrobial peptides. Mol. Microbiol. 2010, 76, 1444–1460, 
doi:10.1111/j.1365-2958.2010.07150.x. 
20. Needham, B.D.; Trent, M.S. Fortifying the barrier: the impact of lipid A remodelling on bacterial 
pathogenesis. Nat. Rev. Microbiol. 2013, 11, 467–481, doi:10.1038/nrmicro3047. 
21. Kato, A.; Chen, H.D.; Latifi, T.; Groisman, E.A. Reciprocal Control between a Bacterium’s Regulatory 
System and the Modification Status of Its Lipopolysaccharide. Mol. Cell 2012, 47, 897–908, 
doi:10.1016/j.molcel.2012.07.017. 
22. Datsenko, K.A.; Wanner, B.L. One-step inactivation of chromosomal genes in Escherichia coli K-12 using 
PCR products. Proc. Natl. Acad. Sci. USA 2000, 97, 6640–6645, doi:10.1073/pnas.120163297. 
23. Morè, N.; Martorana, A.M.; Biboy, J.; Otten, C.; Winkle, M.; Serrano, C.K.G.; Montón Silva, A.; Atkinson, 
L.; Yau, H.; Breukink, E.; et al. Peptidoglycan remodeling enables Escherichia coli to survive severe outer 
membrane assembly defect. MBio 2019, 10, e02729-18, doi:10.1128/mBio.02729-18. 
24. Carzaniga, T.; Antoniani, D.; Dehò, G.; Briani, F.; Landini, P. The RNA processing enzyme polynucleotide 
phosphorylase negatively controls biofilm formation by repressing poly-N-acetylglucosamine (PNAG) 
production in Escherichia coli C. BMC Microbiol. 2012, 12, 270, doi:10.1186/1471-2180-12-270. 
25. Delvillani, F.; Sciandrone, B.; Peano, C.; Petiti, L.; Berens, C.; Georgi, C.; Ferrara, S.; Bertoni, G.; Pasini, 
M.E.M.E.; Dehò, G.; et al. Tet-Trap, a genetic approach to the identification of bacterial RNA thermometers: 
application to Pseudomonas aeruginosa. RNA 2014, 20, 1963–1976, doi:10.1261/rna.044354.114. 
26. Lessl, M.; Balzer, D.; Lurz, R.; Waters, V.L.; Guiney, D.G.; Lanka, E. Dissection of IncP conjugative plasmid 
transfer: Definition of the transfer region Tra2 by mobilization of the Tra1 region in trans. J. Bacteriol. 1992, 
174, 2493–2500, doi:10.1128/jb.174.8.2493-2500.1992. 
27. Guzman, L.M.; Belin, D.; Carson, M.J.; Beckwith, J. Tight regulation, modulation, and high-level expression 
by vectors containing the arabinose P(BAD) promoter. J. Bacteriol. 1995, 177, 4121–4130, 
doi:10.1128/jb.177.14.4121-4130.1995. 
28. Briani, F.; Curti, S.; Rossi, F.; Carzaniga, T.; Mauri, P.; Dehò, G. Polynucleotide phosphorylase hinders 
mRNA degradation upon ribosomal protein S1 overexpression in Escherichia coli. RNA 2008, 14, 2417–2429, 
doi:10.1261/rna.1123908. 
29. Larrouy-Maumus, G.; Clements, A.; Filloux, A.; McCarthy, R.R.; Mostowy, S. Direct detection of lipid A on 
intact Gram-negative bacteria by MALDI-TOF mass spectrometry. J. Microbiol. Methods 2016, 120, 68–71, 
doi:10.1016/j.mimet.2015.12.004. 
30. Di Lorenzo, F. The lipopolysaccharide lipid A structure from the marine sponge-associated bacterium 
Pseudoalteromonas sp. 2A. Antonie van Leeuwenhoek. Int. J. Gen. Mol. Microbiol. 2017, 110, 1401–1412, 
doi:10.1007/s10482-017-0865-z. 
31. Westphal, O.; Jann, K. Bacterial lipopolysaccharides. Extraction with phenol-water and further applications 
of the procedures. Methods Carbohydr. Chem. 1965, 5, 83–91. 
Microorganisms 2020, 8, 826 21 of 22 
 
32. Di Lorenzo, F.; Sturiale, L.; Palmigiano, A.; Fazio, L.L.; Paciello, I.; Coutinho, C.P.; Sá-Correia, I.; Bernardini, 
M.; Lanzetta, R.; Garozzo, D.; et al. Chemistry and biology of the potent endotoxin from a Burkholderia dolosa 
clinical isolate from a cystic fibrosis patient. ChemBioChem 2013, 14, 1105–1115, doi:10.1002/cbic.201300062. 
33. Andrä, J.; Monreal, D.; De Tejada, G.M.; Olak, C.; Brezesinski, G.; Gomez, S.S.; Goldmann, T.; Bartels, R.; 
Brandenburg, K.; Moriyon, I. Rationale for the design of shortened derivatives of the NK-lysin-derived 
antimicrobial peptide NK-2 with improved activity against gram-negative pathogens. J. Biol. Chem. 2007, 
282, 14719–14728, doi:10.1074/jbc.M608920200. 
34. Villa, R.; Martorana, A.M.; Okuda, S.; Gourlay, L.J.; Nardini, M.; Sperandeo, P.; Dehò, G.; Bolognesi, M.; 
Kahne, D.; Polissia, A. The Escherichia coli lpt transenvelope protein complex for lipopolysaccharide export 
is assembled via conserved structurally homologous domains. J. Bacteriol. 2013, 195, 1100–1108, 
doi:10.1128/JB.02057-12. 
35. Lesse, A.J.; Campagnari, A.A.; Bittner, W.E.; Apicella, M.A. Increased resolution of lipopolysaccharides 
and lipooligosaccharides utilizing tricine-sodium dodecyl sulfate-polyacrylamide gel electrophoresis. J. 
Immunol. Methods 1990, 126, 109–117, doi:10.1016/0022-1759(90)90018-Q. 
36. Rojas, E.R.; Billings, G.; Odermatt, P.D.; Auer, G.K.; Zhu, L.; Miguel, A.; Chang, F.; Weibel, D.B.; Theriot, 
J.A.; Huang, K.C. The outer membrane is an essential load-bearing element in Gram-negative bacteria. 
Nature 2018, 559, 617–621, doi:10.1038/s41586-018-0344-3 
37. Hwang, H.; Paracini, N.; Parks, J.M.; Lakey, J.H.; Gumbart, J.C. Distribution of mechanical stress in the 
Escherichia coli cell envelope. Biochim. Biophys. Acta Biomembr. 2018, 1860, 2566–2575, 
doi:10.1016/j.bbamem.2018.09.020. 
38. Raneri, M.; Pinatel, E.; Peano, C.; Rampioni, G.; Leoni, L.; Bianconi, I.; Jousson, O.; Dalmasio, C.; Ferrante, 
P.; Briani, F. Pseudomonas aeruginosa mutants defective in glucose uptake have pleiotropic phenotype and 
altered virulence in non-mammal infection models. Sci. Rep. 2018, 8, 16912, doi:10.1038/s41598-018-35087-
y. 
39. Jorgenson, M.A.; Kannan, S.; Laubacher, M.E.; Young, K.D. Dead-end intermediates in the enterobacterial 
common antigen pathway induce morphological defects in Escherichia coli by competing for undecaprenyl 
phosphate. Mol. Microbiol. 2016, 100, 1–14, doi:10.1111/mmi.13284. 
40. Sperandeo, P.; Cescutti, R.; Villa, R.; Di Benedetto, C.; Candia, D.; Dehò, G.; Polissi, A. Characterization of 
lptA and lptB, two essential genes implicated in lipopolysaccharide transport to the outer membrane of 
Escherichia coli. J. Bacteriol. 2007, 189, 244–253, doi:10.1128/JB.01126-06. 
41. Sperandeo, P.; Lau, F.K.; Carpentieri, A.; De Castro, C.; Molinaro, A.; Dehò, G.; Silhavy, T.J.; Polissi, A. 
Functional analysis of the protein machinery required for transport of lipopolysaccharide to the outer 
membrane of Escherichia coli. J. Bacteriol. 2008, 190, 4460–4469, doi:10.1128/JB.00270-08. 
42. Bernal-Cabas, M.; Ayala, J.A.; Raivio, T.L. The Cpx envelope stress response modifies peptidoglycan cross-
linking via the L,D-transpeptidase LdtD and the novel protein YgaU. J. Bacteriol. 2015, 197, 603–614, 
doi:10.1128/JB.02449-14. 
43. Di Lorenzo, F.; Palmigiano, A.; Bitar-Nehme, S. Al; Sturiale, L.; Duda, K.A.; Gully, D.; Lanzetta, R.; Giraud, 
E.; Garozzo, D.; Bernardini, M.L.; et al. The lipid A from Rhodopseudomonas palustris strain BiSa53 LPS 
possesses a unique structure and low immunostimulant properties. Chem. A Eur. J. 2017, 23, 3637–3647, 
doi:10.1002/chem.201604379. 
44. Barrau, C.; Di Lorenzo, F.; Menes, R.J.; Lanzetta, R.; Molinaro, A.; Silipo, A. The structure of the lipid a from 
the halophilic bacterium Spiribacter salinus M19-40T. Mar. Drugs 2018, 16, E124, doi:10.3390/md16040124. 
45. Jo, S.H.; Park, H.G.; Song, W.S.; Kim, S.M.; Kim, E.J.; Yang, Y.H.; Kim, J.S.; Kim, B.G.; Kim, Y.G. Structural 
characterization of phosphoethanolamine-modified lipid A from probiotic Escherichia coli strain Nissle 
1917. RSC Adv. 2019, 9, 19762–19771, doi:10.1039/c9ra02375e. 
46. Jones, J.W.; Shaffer, S.A.; Ernst, R.K.; Goodlett, D.R.; Tureček, F. Determination of pyrophosphorylated 
forms of lipid A in Gram-negative bacteria using a multivaried mass spectrometric approach. Proc. Natl. 
Acad. Sci. USA 2008, 105, 12742–12747, doi:10.1073/pnas.0800445105. 
47. Costello, C.E.; Vath, J.E. Tandem mass spectrometry of glycolipids. Methods Enzymol. 1990, 193, 738–768, 
doi:10.1016/0076-6879(90)93448-T. 
48. Drew, D.; Fröderberg, L.; Baars, L.; De Gier, J.W.L. Assembly and overexpression of membrane proteins in 
Escherichia coli. Biochim. Biophys. Acta Biomembr. 2003, 1610, 3–10, doi:10.1016/s0005-2736(02)00707-1 
Microorganisms 2020, 8, 826 22 of 22 
 
49. Gubellini, F.; Verdon, G.; Karpowich, N.K.; Luff, J.D.; Boël, G.; Gauthier, N.; Handelman, S.K.; Ades, S.E.; 
Hunt, J.F. Physiological response to membrane protein overexpression in E. coli. Mol. Cell. Proteomics 2011, 
10, M111.007930, doi:10.1074/mcp.M111.007930. 
50. Krasowska, A.; Sigler, K. How microorganisms use hydrophobicity and what does this mean for human 
needs? Front. Cell. Infect. Microbiol. 2014, 4, 112, doi:10.3389/fcimb.2014.00112 
51. Trunk, T.; Khalil, H.S.; C. Leo, J. Bacterial autoaggregation. AIMS Microbiol. 2018, 4, 140–164, 
doi:10.3934/microbiol.2018.1.140. 
52. Delhaye, A.; Collet, J.-F.; Laloux, G. A Fly on the Wall: How Stress Response Systems Can Sense and 
Respond to Damage to Peptidoglycan. Front. Cell. Infect. Microbiol. 2019, 9, 380, 
doi:10.3389/fcimb.2019.00380. 
53. Meredith, T.C.; Mamat, U.; Kaczynski, Z.; Lindner, B.; Holst, O.; Woodard, R.W. Modification of 
lipopolysaccharide with colanic acid (M-antigen) repeats in Escherichia coli. J. Biol. Chem. 2007, 282, 7790–
7798, doi:10.1074/jbc.M611034200. 
54. Hernández-Rocamora, V.M.; Otten, C.F.; Radkov, A.; Simorre, J.-P.; Breukink, E.; VanNieuwenhze, M.; 
Vollmer, W. Coupling of polymerase and carrier lipid phosphatase prevents product inhibition in 
peptidoglycan synthesis. Cell Surf. 2018, 2, 1–13, doi:10.1016/j.tcsw.2018.04.002. 
55. Doerrler, W.T.; Reedy, M.C.; Raetz, C.R.H. An Escherichia coli Mutant Defective in Lipid Export. J. Biol. 
Chem. 2001, 276, 11461–11464, doi:10.1074/jbc.C100091200. 
56. Alexander, M.K.; Miu, A.; Oh, A.; Reichelt, M.; Ho, H.; Chalouni, C.; Labadie, S.; Wang, L.; Liang, J.; 
Nickerson, N.N.; et al. Disrupting Gram-negative bacterial outer membrane biosynthesis through 
inhibition of the lipopolysaccharide transporter MsbA. Antimicrob. Agents Chemother. 2018, 62, e01142-18, 
doi:10.1128/AAC.01142-18. 
57. Braun, M.; Silhavy, T.J. Imp/OstA is required for cell envelope biogenesis in Escherichia coli. Mol. Microbiol. 
2002, 45, 1289–1302, doi:10.1046/j.1365-2958.2002.03091.x. 
58. Li, G.W.; Burkhardt, D.; Gross, C.; Weissman, J.S. Quantifying absolute protein synthesis rates reveals 
principles underlying allocation of cellular resources. Cell 2014, 157, 624–635, doi:10.1016/j.cell.2014.02.033. 
59. Lima, S.; Guo, M.S.; Chaba, R.; Gross, C.A.; Sauer, R.T. Dual molecular signals mediate the bacterial 
response to outer-membrane stress. Science 2013, 340, 837–841, doi:10.1126/science.1235358. 
60. Nowicki, E.M.; O’Brien, J.P.; Brodbelt, J.S.; Trent, M.S. Characterization of Pseudomonas aeruginosa LpxT 
reveals dual positional lipid A kinase activity and co-ordinated control of outer membrane modification. 
Mol. Microbiol. 2014, 94, 728–741, doi:10.1111/mmi.12796. 
61. Sisti, F.; Fernández, J.; Higgins, S.C.; Casabuono, A.; Couto, A.; Mills, K.H.G.; Hozbor, D. A deep rough 
type structure in Bordetella bronchiseptica lipopolysaccharide modulates host immune responses. Microbiol. 
Immunol. 2011, 55, 847–854, doi:10.1111/j.1348-0421.2011.00395.x. 
 
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access 
article distributed under the terms and conditions of the Creative Commons Attribution 
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). 
 
